Polyion complexes of three chitosans with poly(vinyl sulfate) (PVS) and dodecylbenzene sulfonate (DBS) were examined by a potentiometric study that was to separately measure the pH of sample solutions individually prepared. Apparent formation constants (Ki) of ion association between the protonated amines of chitosan and the sulfates of PVS or the sulfonates of DBS were determined. The effects of pH, coexistent salt concentration, and molecular weight on the values of Ki were investigated in order to reveal the properties of the complexation. The values of Ki for chitosan-PVS were quite larger than that for chitosan-DBS. The deducing effect of the coexistent salt was strong against chitosan-PVS, but was weak against chitosan-DBS. Thus, chitosan-PVS complexes possessed a strong electrostatic binding, and chitosan-DBS complexes included a hydrophobic interaction. For chitosan-PVS complexes the effect of the coexistent salt was weaker for a high molecular weight of chitosan than for a low molecular weight.
Introduction
Chitosan is the only pseudonatural cationic polymer to be available, and its application includes wastewater treatment, texture modification, medical films and fibers, and foods. [1] [2] [3] [4] Owing to a derivative from natural chitin by deacetylation, the product is inevitably a copolymer of N-acetyl-D-glucosamin and D-glucosamin. The determination of its deacetylation degree is important to characterize chitosan. The measurement methods of the deacetylation degree of chitosan include NMR, [5] [6] [7] IR, 8 acid base titration, 9, 10 and colloidal titration. [11] [12] [13] Colloidal titration on which chitosan stoichiometrically reacts with potassium PVS is one of the most conventional methods. The endpoint of colloidal titration is commonly detected by the metachromagy of Toluidine Blue (TB) as a visual indicator. 12 When the metachromagic change is indistinct, the endpoint can also be determined by potentiometry using an ion sensor. We had demonstrated the advantages of the potentiometric colloidal titration of chitosan by the use of a TB selective electrode. 11 A high-molecular-weight chitosan showed a sharp potential drop at the equivalent point in the potentiometric titration curve, and a chitosan oligosaccharide showed a gradual potential drop before the equivalent point. The endpoint sharpness due to the potential slope reflects the difference of the stabilities between chitosan-PVS and TB-PVS, because the stabilities of such polyion complexes increase with polymerization. 14, 15 It is likely that the stability constants for some oligomers in chitosan oligosaccharide are lower than that for TB. Thereby, we have suggested a critical unit of chitosan glycosides that can be contributed to the titration values. 11 We also measured the apparent formation constants (Ki) between glycolchitosan and PVS by the use of pH titration. 16 In a 0.1 M NaCl solution, pH titrations of glycolchitosan-PVS afforded an irreversible result. Thus, the titration curve with 0.1 M NaOH as the titrant did not quite correspond to that with 0.1 M HCl as the titrant. A reversible result was obtained at less than 0.01 M NaCl; however, there was an experimental problem, which was an indispensable leakage of KCl from a reference electrode during measurements of the pH. We chose two ways to solve the problem: to work a flow-through pH meter and to prepare a series of sample solutions at each pH measurement. 16 Thus, continuous pH titration was abandoned, and the pH values of sample solutions individually prepared were measured separately. A potentiometric study of glycolchitosan-PVS complexes by using individual pH measurements provided some interesting information about complexation. The values of Ki for the chitosan complex strongly decreased with the concentration of NaCl, and increased with the reaction ratio of complexation. At a low salt concentration of 0.001 M NaCl, the values of Ki were constant at each pH. The coexistence of only a small amount of the salt reduced the values of Ki.
Although several studies on polyion complexes of chitosans have been reported, [1] [2] [3] [4] [5] 17 as far as we know, there is no report on Ki for complexation between chitosan and PVS. In the present work, we examined polyion complexes for three chitosans with PVS by using individual pH measurements, and determined the values of Ki. The effects of pH, the coexistent salt concentration, and the molecular weight on the values of Ki were considered in order to reveal the properties of the chitosan complex in colloidal titration. In addition, the chitosan complex with DBS was also examined, showing a high affinity between chitosan and PVS.
Experimental

Materials
Three samples of chitosan with different molecular weights were prepared. A high-molecular-weight chitosan (ChH), a lowmolecular-weight chitosan (ChL), and a mixture of chitosan oligosaccharide (ChO) were prepared as described elsewhere.
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The molecular weights of ChH and ChL were 1.09 × 10 6 and 6.4 × 10 3 , respectively. The components of ChO by chromatography were 11.1% of the dimmer, 28.6% of the trimmer, 30.4% of the tetramer, 22.1% of the pentamer, and 7.8% of the hexamer. Sodium PVS was prepared from potassium salt by ionexchange, as described elsewhere. 18 Sodium DBS (Wako Pure Chemicals Ind. Ltd., purity above 99%) and D-glucosamine HCl (Seikagaku Corporation Ltd.) were used without further purification.
Calculation of Ka and Ki 18
Apparent dissociation constant (Ka) of the dissociable amines of chitosan was determined by
where α = [Ch-NH3 + ]/[Ch-NH2]t; the brackets show the concentration of its spices and [Ch-NH2]t shows the total dissociable amine concentration. The determined pKa includes the logarithm term for the activity coefficients of the acid and the base: log(γCH-NH 2 /γCH-NH 3 + ). The data measured for pKa vs. α for ChH and ChO are shown in Fig. 1 .
The apparent formation constant (Ki) was determined by
where the determined Ki was one of the concentration constants. The calculation method of Ki from the data was the same that we previously reported. 18 In brief, the calculated value was obtained based on the assumption that the character of Ka to α during complexation was similar to that of Ka without PVS.
The reaction ratio of the complexation (β) is β = [Ch-NH3·PVS]/[PVS -]t, where [PVS -]t shows the total sulfates concentration of PVS. The values of
Ki for chitosan-DBS were also determined by the same procedure.
Procedures
A series of sample solutions in which the final concentration of chitosan was 5 × 10 -4 equivalent mol per liter (eq.mol/L) was prepared for measuring each pH. Different amounts of NaOH solution and a constant amount of a NaCl solution were added to the acidic chitosan solution, in which all of the amines were protonated. When the values of Ka for chitosan were measured, the mixed solution was filled up to 50 mL with deionized water. When the values of Ki of chitosan-PVS and chitosan-DBS were measured, at first the mixed solution was diluted to 40 mL with deionized water, and an equivalent amount of NaPVS or NaDBS was added; finally, the solution was filled up to 50 mL with deionized water. Sample solutions were equilibrated by standing for 2 h in a water bath maintained at 25.0 ± 0.1˚C. All of the pH measurements were carried out in a glove box in a CO2-free argon atmosphere using a flow-through pH meter (Model Nos. IM-40 and FAR-201A, TOA Electronics Co., Tokyo).
Results and Discussion
Dissociation constants of chitosans
Unlike a low-molecular compound, the values of pKa for chitosans are not constant, and depend on α. Figure 1 shows the dependence of pKa on α for ChH and ChO. The values of Ka for ChL were almost equal to those for ChH. The values of pKa decreased with increasing α and increased with increasing salt concentration. The protonation of the amines inevitably restrains them from further dissociating because of an electrostatic repulsion between positive charges on chitosan. The increment of NaCl shortens the Debye length, and develops an electrostatic screen; thus, each protonated amine becomes independent of near-protonated amines.
Although the effects of α and the NaCl concentration on Ka are common properties of polyelectrolytes, a linear relationship of pKa to α and the same intercept point at α = 0 are unique properties of chitosan. Glycolchitosan also demonstrated such a linear relationship, 16 but poly(vinylamine) and poly-(ethyleneimine) never indicated a regular relationship to α. 18 This indicates that chitosans have a rigid backbone of a sugar chain, and that the effects of α and the NaCl concentration can not produce a significant conformational change. Each constant pKa at 1 M NaCl solution is listed in Table 1 . The value of pKa for ChL is almost equal to that for ChH. The value of pKa for ChO is higher than those for ChH and ChL, and the value of pKa for D-glucosamine as the monomer is much higher than that for ChO.
Ion association of chitosan-PVS
A decrease of the pH in sample solutions brings about an increase of positive charges on chitosan, and produces complexation with PVS. Figure 2 shows the values of Ki obtained at various pH values. In order to estimate β and the cooperativity of ion association, the curves of β vs. log[Ch-NH3 + ] are shown in Fig. 3 . At more than pH 9, the values of Ki suddenly increase with deceasing pH, and gradually decrease at less than pH 8, except for ChO, as shown in Fig. 2 . As not shown in the figures, the values of β steady increased with decreasing pH. Since the values of Ki for glycolchitosan did not decrease with the pH, 16 such a decrease was quite unexpected. Glycolchitosan and ChO are apt to be easily soluble, but ChH and ChL are less soluble in aqueous solution at a neutral pH. It is likely that coprecipitation occurred to drag un-protonated amines into it. Thus, some un-protonated amines were out of the solution, and the values of the calculated Ki decreased. In 0.0015 M NaCl the maxima of Ki values for ChH and ChL were almost equal to log Ki = 6.2 for glycolchitosan under the same condition. In order to perform colloidal titration of chitosan, the pH in the sample solutions should be so low that all of the amines are protonated.
An increase of the NaCl concentration significantly deduced the values of Ki, as shown in Fig. 2 . The decrease of the molecular weight also deduced the values of Ki. Such effects of the NaCl concentration and the molecular weight are generally known. Deducing the salt concentration is a necessary condition in the colloidal titration of chitosan. As a notable result, the deducing effect of the NaCl concentration is stronger for the low molecular weight of ChL than for the high molecular weight of ChH. This indicates that the addition of NaCl promotes a molecular-weight-separable reaction in the colloidal titration of chitosan. As another interesting result, the values of Ki for ChO are not small, log Ki = 5.0 at 0.0015 M NaCl, in spite of the mixture of low molecular weights. This indicates that the values of Ki largely change in the region of the oligomer as well as the results of a polyion complex of Tsuchida et al. 15 Therefore, ChO can be titrated with PVS using the endpoint detected by the potentiometric change, and indicated a critical unit of the tetramer.
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Ion association of chitosan-DBS
Chitosan forms a complex with an anionic surfactant, such as dodecyl sulfate 19, 20 and DBS. 21 DBS significantly reacts with chitosan because of an inherent ability of strong self-association (critical micelle concentration; ca. 1 mM).
22 Figure 4 shows the values of Ki obtained at various pH values for chitosan-DBS, ] indicate a strong cooperative interaction between chitosan and DBS. At more than pH 8, the values of Ki increase with deceasing pH, and gradually decrease below pH 8, as shown in Fig. 4 . The decrease of Ki below pH 8 indicated that the coprecipitation occurred to drag un-protonated amines into it, as well as chitosan-PVS. Compared with chitosan-PVS, two characteristic differences can be seen; the values of Ki are small at the low concentration, and the effect of the NaCl concentration is weak. The weak salt effect indicates that chitosan-DBS complexation includes a hydrophobic interaction. Upon viewing from the side of the PVS complex, the binding of the chitosan-PVS complex is significantly strong, and is due to an electrostatic association between protonated amines of chitosan and sulfates of PVS. However, it is noted that the strong reactivity of chitosan with PVS appears only at a low concentration of salt. The values of Ki for chitosan-PVS were almost equal to that for chitosan-DBS in 0.05 M of NaCl. Thus, colloidal titration can display the polymer effect only for a low concentration of salt.
